The invasive alien knotweeds, Fallopia spp. (Polygonaceae), are some of the most troublesome invasive species in Europe and North America. Invasive success in Fallopia may be enhanced by multiple hybridization events. We examined the pattern of hybridization and its evolutionary consequences in Belgium with a concerted analysis of ploidy levels (chromosome counts and flow cytometry), morphological variation, and genetic variation (RAPDs). At least four taxa with different ploidy levels were part of the pattern of invasion in Belgium. Hybrid F. 3bohemica with various chromosome numbers restored the genotypic diversity that was lacking in the parental species. Hybrid genotypes were mainly assigned to a specific genetic pool and not to a mixture between the genetic pools of the putative parental species as would be expected for hybrids. Parental species and hexaploid hybrids differed significantly for a set of well-defined morphological characters, enabling future researchers to distinguish these taxa. On the basis of our results, the importance of hybridization has probably been underestimated in large parts of the adventive range of alien Fallopia species, pointing to the need for concerted molecular and morphological analyses in the study of the evolutionary consequences of hybridization.
Biological invasions are considered the second cause of biodiversity loss worldwide and have attracted much attention in the last decade (Vitousek et al., 1997; Wilcove, 1998; Gurevitch and Padilla, 2004; Didham et al., 2005) . Interspecific hybridization is now recognized as a major mechanism of evolution in the plant kingdom, and such hybridizations between introduced or related species have been implicated as a driving force of evolutionary processes in invasions (Abbott, 1992; Ellstrand and Schierenbeck, 2000; Vilà et al., 2000; Eunmi, 2002; Hänfling and Kollmann, 2002; Callaway and Maron, 2006) . Hybridization may increase genetic diversity in introduced taxa and provide the genetic material on which selection and genetic drift may act to promote population differentiation. Both genotypic and genomic alterations may stimulate invasiveness of newly formed species (Ellstrand and Schierenbeck, 2000) by inducing rapid evolution (Grosholz, 2002; Allendorf and Lundquist, 2003; Müller-Schärer et al., 2004) . Human activities have provided new opportunities and new niches that may better suit the hybrids than the parents (Vilà et al., 2000) , as shown for Senecio (Abbott, 2000) , Tragopogon (Soltis et al., 2004) , and Spartina (Ainouche et al., 2003) .
The identification of newly formed hybrids using morphological characters, however, can be difficult and may lead to an underestimate of the true extent of species diversity processes (Petit, 2004; Hegarty and Hiscock, 2005; Lopez et al., 2005; Mallet, 2005 ). Identification at the subspecific level is a key feature in the studies of invasive species because it determines the number of taxa involved and enables more effective management (Child and Wade, 2000; Sakai et al., 2001; Simberloff, 2003) . Combining morphological and molecular analyses may be an efficient tool for differentiating taxa within complex populations (Fjellheim et al., 2001; Persson and Gustavsson, 2001; Cattell and Karl, 2004) , and RAPD analyses are useful for identifying clonal plants (Hansen et al., 2000; Torimaru et al., 2003) .
The genus Fallopia offers an excellent opportunity to analyze the genetic and evolutionary consequences of hybridization and polyploidization in an invasive clonal plant, because it provides well-documented interspecific hybridization events (Bailey, 2003) . The octoploid Japanese knotweed F. japonica var. japonica (2n ¼ 88) was introduced to Europe in the 19th century as an ornamental and fodder plant, along with the related tetraploid F. sachalinensis (2n ¼ 44). These plants have rapidly expanded in Europe and North America (Godefroid, 1996; Fojcik and Tokarska-Guzik, 2000; Hollingsworth and Bailey, 2000; Verloove, 2002; Bímová et al., 2003; Weber, 2003) , with huge impacts, such as modifications of nutrient cycling rates and topsoil fertility and decreases in plant species diversity in the invaded sites (Vanderhoeven et al., 2005) .
In their native range, F. japonica var. japonica and F. sachalinensis reproduce by a combination of sexual reproduction with hermaphroditic and male-sterile stands (Tanaka, 1966) and vegetative regeneration (Maruta, 1976) . In most of its introduced range, F. japonica var. japonica is male-sterile (Bailey, 1989; Tiébré et al., 2007) , and genetic studies suggest that all stands derive from a single clone by vegetative propagation (Bailey, 1989; Hollingsworth and Bailey, 2000) .
In contrast, F. sachalinensis has both sterile males and hermaphrodites in its adventive range (Bailey, 1994; Tiébré et al., 2007) and has higher genotypic diversity, suggesting multiple introduction events and/or in situ sexual reproduction (Bailey, 1989) . Other members of the genus introduced to Europe are F. japonica var. compacta and F. aubertii (syn. F. baldschuanica). Fallopia japonica var. compacta is tetraploid (2n ¼ 44) and rare, with both female and hermaphroditic stands. Fallopia aubertii is diploid (2n ¼ 20), hermaphroditic, and rare in the nature but is now commonly cultivated as an ornamental plant (Bailey, 1994; Tiébré et al., 2007) .
Hybridization of the widespread F. japonica var. japonica with F. sachalinensis resulted in the most troublesome hybrid, F. 3bohemica. Fallopia 3bohemica, which has various chromosome numbers from tetraploid to octoploid and both male-sterile and hermaphroditic individuals with partial to full fertility (Bailey et al., 1996; Tiébré et al., 2007) . While Bailey et al. (1996) reported seed set in F. 3bohemica despite very irregular meiosis in the UK, Tiébré et al. (2007) found very low seed set in Belgium. Studies of these hybrids at local and country levels in the UK and the Czech Republic, using cytological and molecular approaches, show high genotypic diversity (Pashley et al., 2003; Mandák et al., 2005) . This diversity may be the result of a combination of multiple hybridization events, hybrid fertility, and multiple introductions from horticulturalists (Hollingsworth et al., 1998 (Hollingsworth et al., , 1999 Hollingsworth and Bailey, 2000; Pashley et al., 2003; Mandák et al., 2005) . The hybrid F. 3bohemica seems to be more invasive than its parents (Mandák et al., 2003; . Other hybridization events may also play a role in the dynamics of the Fallopia complex. A significant proportion of open-pollinated seeds collected from 43 F. 3bohemica, F. japonica var. japonica, F. sachalinensis, and F. japonica var. compacta in the UK and Belgium resulted from hybridization with F. aubertii (Bailey, 1988; Tiébré et al., 2007) . But in the UK, only a minute proportion germinated and established in nature (Bailey, 2001) . Additional data from other parts of the adventive range are needed to assess the relative importance of the different hybridization possibilities within the Fallopia complex.
Although the variation of invasive alien Fallopia has been studied in the UK and the Czech Republic, we lack firm evidence on the relative roles of sexual reproduction and multiple hybridization events in shaping the genetic diversity of F. 3bohemica (Hollingsworth and Bailey, 2000) and on the extent of differentiation generated among geographically distant groups of hybrids as a result of independent evolution under limited gene flow. In addition, the importance of hybrid F. 3bohemica seems to vary among regions within the adventive range. Thus, the evolutionary processes involved may differ from region to region (Bailey and Wisskirchen, 2006; Pashley et al., 2007) . New evidence may be gained by combining cytological information, molecular markers, and morphological characters in the same study.
In this study, we examined the polyploid alien Fallopia species and their hybrids to understand the evolutionary consequences of hybridization in an invasive plant complex. Specifically, we focused on the consequences of genetic and morphological variation. Combining chromosome counts, flow cytometry, RAPD markers, and morphological analysis, we asked the following specific questions: (1) What is the extent and pattern of hybridization in the invasive Fallopia complex in Belgium, and how does the pattern compare with those in other European regions? (2) Does hybridization increase genotypic diversity, and are groups of hybrids in different areas genetically differentiated? (3) Are there reliable morphological characters for separating these taxa?
MATERIALS AND METHODS
Plants and study sites-Five exotic Fallopia taxa have been reported in Belgium: four erect rhizomatous perennials, F. japonica var. japonica (Houtt.) Ronse De Craene, F. sachalinensis (F. Schmidt Petrop.) Ronse De Craene, F. 3bohemica (Chrtek et Chrtková) J.P. Bailey, and the rare F. japonica var. compacta (Hook. F.) J.P. Bailey; and one climbing perennial F. aubertii (L. Henry) (syn. F. baldschuanica (Regel) Holub (Lambinon et al., 2004) .
This study was carried out in six different areas of Belgium: Brussels, Ceroux-Mousty, Comblain-au-Pont, Gembloux, Jodoigne, and Namur (Table 1 , Fig. 1 ). Each area represented a different landscape ranging over several hundred hectares. The collection areas were chosen to cover the range of morphological variation of the Fallopia observed in the field in previous surveys. Because of the high potential for vegetative multiplication, a single individual (genet) of Fallopia spp. may cover many hundred square meters, and we expected that most Fallopia stands contained only a single clone. Generally, a high density of erect ramets (2-3 m tall) characterized those stands. Because we were interested in genetic variation and hybridization patterns and not in local clonality within stands, only one sample was collected per stand. When more than one ramet was needed (i.e., for morphological variation), they were chosen close to each other to ensure that they came from the same rhizome. We considered a priori that each sample represented a single unique individual.
When possible, 15-18 individuals were selected per area. Each individual was tentatively assigned to a taxon using published morphological characters (Barral, 1994; Beerling et al., 1994; Jager, 1994; Lambinon et al., 2004) . Because of the scarcity of the taxa in study areas, an additional F. sachalinensis was collected from Kelmis. Only one individual of putative F. japonica var. compacta was found in the study areas (Ceroux-Mousty). Because this individual was found after the main sampling period, its chromosomes could not be counted. Two reference individuals of 43 F. 3bohemica from Cirencester (UK) with known chromosome numbers were also included. The collection comprised 40 putative F. japonica var. japonica, six putative F. sachalinensis, 34 putative F. 3bohemica, one putative F. japonica var. compacta, and six putative F. aubertii (Table 1 , Appendix 1). From each individual, a piece of rhizome or cutting was potted and cultivated in a greenhouse at 228C and a 16-h d; this greenhouse material was used for chromosome counts, flow cytometry, and DNA analysis. Basal leaves and stems were collected in the field, mounted, and dried for morphological studies. Of the 87 individuals used for RAPD analysis, 79 were examined for morphological characteristics, 73 were subjected to flow cytometry, and 16 were used for chromosome counts.
Determination of ploidy level-Chromosomes were counted for individuals representing the different taxa: five individuals of F. japonica var. japonica, seven F. 3bohemica, one F. sachalinensis, and one F. aubertii. The two individuals of 43 F. 3bohemica from Cirencester were also included. For each individual, chromosomes were counted for seven nuclei using fresh roots tips according to the method developed by Bailey and Stace (1992) .
Flow cytometry was used for 73 individuals including 35 putative F. japonica var. japonica, 33 putative F. 3bohemica, two putative F. aubertii, two putative F. sachalinensis, and one putative F. japonica var. compacta. We followed the technique of Tiébré et al. (2007) . A tetraploid individual F. sachalinensis of known chromosome number was used as an internal standard for each measurement.
RAPD analysis-To determine genetic variation and relationships within and among groups of Fallopia with different ploidy levels, we used RAPD markers on six individuals of putative F. sachalinensis, six putative F. aubertii, 40 putative F. japonica var. japonica, 34 putative F. 3bohemica, and one putative F. japonica var. compacta.
Total genomic DNA was isolated from 100 mg of fresh leaves from greenhouse plants using the CTAB method (Doyle and Doyle, 1990) . For the RAPD-PCR, a reaction mixture of 25 lL per sample was used; this consisted of 1.5 mM MgCl2, 0.2 mM of each dNTP (Fermentas Gmbh, Germany), 0.4 lM primer, 1 unit Taq polymerase (New England Biolabs), 0.2 mg/mL BSA (Fermentas Gmbh), and 30 ng template DNA. Amplification was performed using a PTC-200 Thermal Cycler (MJ Research: Biozym) programmed for an initial denaturation at 958C for 2 min; followed by 44 cycles of 20 s at 948C, 1 min at 368C, and 1 min at 728C; and a final extension at 728C for 10 min. PCR products were run on a 1.8% agarose gel in TAE (Tris-Acetate-EDTA) stained with 14 lL ethidium bromide. Forty-one primers derived from Operon10-mer kit (Operon Technology, USA) were initially screened using 10 samples to test for reproducibility and polymorphism. Eight primers (A10, A19, G06, J12, M10, M15, R11, T07) that yielded reproducible and unambiguous polymorphic fragments were used for full analysis of all plants. The presence or absence of DNA fragments was scored. To check for reproducibility among PCR runs, we genotyped DNA from each individual twice. The profiles of the individuals used in the primer test were also compared with those of the same individuals in the full RAPD analysis.
Morphometric analysis-For assessing the phenotypic variability within and among groups of Fallopia and determining morphological characters that readily discriminate among them, 12 morphological characters were measured ( Fig. 2) and their ratios were assessed on three leaves and three stems per individual. The leaves were chosen to represent the same development stage. They were the most-developed leaf of an adult stem and were generally situated in the basal part of the stem. These measurements were carried out on 41 individuals of putative F. japonica var. japonica, 28 putative F. 3bohemica, four putative F. sachalinensis, and six putative F. aubertii.
The characters examined were those most often used in the literature to identify Fallopia species (Barral, 1994; Beerling et al., 1994; Jager, 1994; Lambinon et al., 2004) : (1) basal width, (2) central width, and (3) length of leaves; (4) length of the cord, measured from the base of the leaf to the top insertion of the petiole; (5) length and (6) width of the leaf apex; (7) number of hairs in 1 3 1 cm and (8) mean length of three hairs per leaf, measured on the back of the leaf; and (9) stem diameter measured at 20 cm from the base (Fig.  2 ). Three ratios were also computed: (10) cord length to leaf length, (11) leaf basal width to leaf length, and (12) apex width to apex length. Because the putative F. japonica var. compacta was only found during the course of the study, morphological analyses were not included for this taxon or for the two specimens from Cirencester.
Statistical analysis-For determining whether groups of Fallopia taxa, identified by flow cytometry, could be classified into genotypic groups, RAPD data were subjected to a principal coordinate analysis (PCO) and a Bayesian model-based clustering method. The PCO allows visualization of genetic distance data without assuming a hierarchical topology and describes the main structures of distances matrices in the form of factor maps. The PCO was based on a matrix of between-individual Dice similarities computed from the binary RAPD data and performed using the program GenAlex 6 (Peakall and Smouse, 2006) . The Bayesian-based cluster analysis was performed on the RAPD data using the program Structure 2.1 (Pritchard et al., 2000) . The method uses Markov chain Monte Carlo (MCMC) to estimate allele frequencies and to assign individuals probabilistically either to distinct gene pools or jointly to two or more gene pools if their genotypes indicate that they are admixed. Because of the dominant marker used, each locus was coded as known for one copy and unknown (coded À9 as recommended in the program) for the other. To obtain data strictly from the genetic information, we did not use prior information regarding species identity. Analyses were performed under the admixture model. Four independent runs were carried out for each value of K (numbers of clusters assumed) between 2 and 8, with parameters and model likelihood estimated at over 200 000 MCMC iterations following a burn-in period of 50 000 steps. The K value associated with the maximum value of log likelihood of data [L(K)] was analyzed to identify the number of clusters that best described the data. However, because Evanno et al. (2005) showed that this method does not always correctly estimate K, the DK statistics based on the rate of change of logK between successive values of K was calculated to infer the appropriate number of clusters. The value of K corresponding to the highest value of DK was then retained (Evanno et al., 2005) . For each individual, we assessed its mean percentage of membership (qmean) to each of the K genetic clusters based on the four independent runs.
The morphometric data were subjected to a principal component analysis (PCA) to assess the level of phenotypic variability within and among groups of Fallopia. Moreover, to identify morphological characters that fully discriminate between groups of Fallopia taxa, we compared taxa (only those with a sufficient number of samples) for mean measurements of the morphological characters with a one-way ANOVA followed by the Tukey honestly significant difference (HSD) post hoc test. Before analysis, data were transformed as follows: log10 for length of hair, stem diameter, basal width of leaf, length of the cord, and width of the leaf apex; arcsine for the ratios of cord length to leaf length and leaf basal width to leaf length. We used the Kruskal-Wallis test followed by the nonparametric Mann-Whitney test for analyzing central width of leaf, length of leaf, length of the leaf apex, the ratio of apex width to apex length, and number of hairs because the distributions of these variables could not be normalized. These analyses were performed using XLSTAT 6.0 (Addinsoft, France). 
RESULTS
Ploidy levels-Five chromosome numbers were found in the 16 individuals examined: 20 (N ¼ 1), 44 (N ¼ 3), 44-67 (N ¼ 1), 66 (N ¼ 4), and 88 (N ¼ 7). Clear discontinuities in the frequency distribution of fluorescence peak ratios allowed the estimation of the ploidy levels of the individuals sampled by reference to an individual that had both a known chromosome number and a count by flow cytometry. Fallopia aubertii had a fluorescence peak ratio of 0.72 (N ¼ 2), corresponding to diploid individuals with 20 chromosomes. The fluorescence peak ratios of the F. japonica var. compacta (N ¼ 1), tetraploid F. 3bohemica (N ¼ 2, from Cirencester), and F. sachalinensis (N ¼ 2) were the same, suggesting that all were tetraploid (2n ¼ 44). The peak ratios of the F. japonica var. japonica accessions ranged from 1.96 to 2.23 (N ¼ 35), corresponding to reference octoploids (2n ¼ 88). The ploidy levels of the individuals tentatively classified as F. 3bohemica were more variable. Most of them had a fluorescence peak ratio between 1.54 and 1.67 (N ¼ 26), corresponding to reference hexaploids (2n ¼ 66). One individual had a peak ratio of 1.38 and an aneuploid chromosome range from 44 to 67. Finally, three plants identified as F. 3bohemica were octoploid (2n ¼ 88) and had peak ratios between 1.96 and 2.28, corresponding to the range observed for F. japonica var. japonica.
RAPD variation-Of the 134 polymorphic RAPD markers scored from the analysis of the eight primers on 87 individuals of Fallopia, 97.8% were polymorphic (131 fragments). The monomorphic markers were removed from the analyses.
The level of genotypic diversity varied tremendously among the different putative taxa. All the octoploid individuals identified as F. japonica var. japonica (N ¼ 40) shared the same multiband RAPD phenotype, suggesting that they belong to the same genetic clone. The same situation was found for F. aubertii (N ¼ 6). Two different RAPD phenotypes were found for the six F. sachalinensis individuals examined, one corresponding to male-sterile individuals (N ¼ 4) , the other to the male-fertile individuals (N ¼ 2). In contrast, individuals identified as F. 3bohemica had a high genotypic diversity, with 28 RAPD phenotypes of 29 individuals in the case of hexaploids F. 3bohemica, three RAPD phenotypes of three individuals for octoploids, and two RAPD phenotypes of two individuals for tetraploids. The minimum pairwise difference in band presence or absence between two individuals with different RAPD phenotypes was nine, indicating that overinterpretation of small differences was not the cause of this diversity. The two pairs of hexaploid F. 3 bohemica sharing the same RAPD phenotype grew close to each other in the field.
The Bayesian analysis using Structure indicated the presence of four distinct genetic clusters in the sample of Fallopia (Fig.  3) . The likelihood of the data gradually increased from K ¼ 2 (ln ¼ À2705.2) to a maximum at K ¼ 5 (ln ¼ À1419.9). However, the highest value of DK ¼ 749.4 was observed at K ¼ 4. Consequently and according to Evanno et al. (2005) , the value of K ¼ 4 was retained and analyzed for individual assignments.
The individuals of F. japonica var. japonica, F. aubertii, and Pritchard et al. (2000) . Mean (6SD) of log probability of data [L(K)] based on four independent runs ( * ) as a function of the value of K and the rate of change in the log probability of data DK between successive values of K ( ) for the Fallopia data set (N ¼ 87).
F. sachalinensis were all assigned to a single genetic cluster (qmean ¼ 1.00), which differed between taxa (Fig. 4) . The majority (17 of 29) of hexaploid F. 3bohemica individuals were totally (qmean ¼ 1.00) assigned to a unique genetic cluster different from the parental species. The other hexaploid F. 3bohemica individuals (including the aneuploid individual) (12 of 29) had different degrees of admixture, with the highest percentage of assignment to the group typical of F. 3bohemica (q mean ranging from 0.63 to 0.99), various percentages of assignment to the cluster characteristic of F. japonica var. japonica (q mean ranging from 0.01 to 0.37), and a negligible percentage to the cluster of F. sachalinensis (q mean ranging from 0.01 to 0.05). The three octoploid individuals tentatively identified as F. 3bohemica (N ¼ 3) were admixed individuals with a more significant contribution of the genetic cluster characteristic of F. japonica var. japonica for two of them (q mean ranging from 0.70 to 0.76) and a more significant contribution of the cluster typical of F. 3bohemica for one of them (q mean ¼ 0.61). The two tetraploid F. 3bohemica from Cirencester were also admixed individuals closer to hexaploid F. 3bohemica but with a more significant contribution from the F. sachalinensis cluster than other hybrids (qmean ¼ 0.18 and 0.30). The putative F. japonica var. compacta (N ¼ 1) was also an admixed individual assigned to three clusters, with the main contribution from the cluster typical of F. 3bohemica and similar contributions of the clusters of F. japonica var. Fig. 4 . Results of test to assign the 87 sampled individuals of Fallopia taxa into four genetic clusters (K) detected using the model-based clustering method of Pritchard et al. (2000) . Individuals with the same RAPD phenotype are represented only once. Gray sections represent F. sachalinensis (N ¼ 6). Dotted sections represent F. aubertii (N ¼ 6). Black sections represent F. japonica var. japonica (N ¼ 40). White sections represent F. 3bohemica (N ¼ 35) including the putative F. japonica var. compacta. Individuals are indicated by the first letters of the putative taxon, the ploidy level in the case of F. 3bohemica, and the locality code (Table 1) . The results of the principal coordinate analysis (PCO) of the individual genotypes were consistent with the results of the assignment test (Fig. 5) . The two principal axes explained 80.3% of the total genetic variation. In the factorial space defined by the two first axes, there was no overlap between groups of different taxa. Fallopia aubertii, F. japonica var. japonica, and F. sachalinensis were clearly separated from the other groups, as well as from tetraploid F. 3bohemica from Cirencester and the putative F. japonica var. compacta from Ceroux-Mousty. Hexaploid F. 3bohemica accessions occupied an intermediate position between their putative parents but were closer to F. japonica var. japonica. This trend was even more pronounced for octoploid individuals tentatively identified as F. 3bohemica.
In an attempt to clarify the relationships within the F. 3bohemica complex, a separate PCO analysis was performed based on collection areas in Belgium, using a reduced RAPD data set (Fig. 6) . The proportion of variance explained by the first two axes was 49.2%. Octoploid F. 3 bohemica tended to be isolated from hexaploid F. 3bohemica. Hexaploid F. 3bohemica individuals were little separated according to collection area.
The relative importance of Fallopia taxa in the studied area is depicted in Fig. 1 . It shows that 63 F. 3bohemica was as widespread as F. japonica var. japonica in Belgium and that the relative abundance of these taxa varied greatly from one area to another. In Brussels for example, 63 F. 3bohemica was the dominant form, but was totally absent in Ceroux-Mousty.
Morphological variation-In the PCA analysis of total morphological data, the three first axes extracted 81% of the variation. In this analysis, the hypothesized taxa corresponded fairly well to different parts of the variation pattern, with the exception of the octoploid putative F. 3bohemica (Fig. 7) . As with the genetic data, the diploid F. aubertii and the tetraploid F. sachalinensis were well differentiated from other putative taxa. Hexaploid F. 3bohemica and octoploid F. japonica var. japonica formed a continuous pattern of variation, but it was still possible to separate the two groups. Fallopia 3bohemica was morphologically more similar to its octoploid parent F. japonica var. japonica than to its tetraploid parent F. sachalinensis. In contrast, the positions of the putative octoploid F. 3bohemica were not fully in accordance with their earlier identification because two of the three individuals were clearly more similar to F. japonica var. japonica. In spite of their lack of RAPD variation, F. aubertii and F. japonica var. japonica individuals had significant morphological variation. Morphological variation was greater in the hexaploid F. 3bohemica than in its closer parent F. japonica var. japonica. Axis 1 was most strongly correlated with leaf length (r ¼ 0.96), central width of leaf (r ¼ 0.93), and basal width of leaf (r ¼ 0.91). Apex length, length of the cord, and the ratio of cord length to leaf length were most highly correlated with axis 2 (r ¼ À0.75, 0.67, and 0.93, respectively).
To identify characters that can readily discriminate between these taxa, we compared the mean values among the four main groups of individuals: diploid F. aubertii, tetraploid F. sachalinensis, hexaploid F. 3bohemica, and octoploid F. japonica var. japonica. Putative octoploid F. 3bohemica plants were excluded from the analysis because of the small number of samples. All the morphological characters differed significantly for at least one species, except for the ratio of apex width to apex length ( Table 2 ). The three characters best able to separate all species were basal width of leaf (one-way ANOVA: F ¼ 46.60, P , 0.0001), central width of leaf (Kruskal-Wallis test: H ¼ 32.34, P , 0.0001), and length of leaf (Kruskal-Wallis test: H ¼ 36.17, P , 0.0001). Moreover, the cord length (one-way ANOVA: F ¼ 53.80, P , 0.0001), Fig. 6 . Principal coordinate analysis (PCO) of the 34 individuals of Fallopia 3bohemica in relation to the sampled areas based on 131 RAPD markers. The analysis was performed using a matrix of between-individual Dice similarities computed from the binary RAPD data using the GenAlex 6 program (Peakall and Smouse, 2006 the ratio of leaf basal width to leaf length (one-way ANOVA: F ¼ 14.03, P , 0.0001), and the ratio of cord length to leaf length (one-way ANOVA: F ¼ 61.90, P , 0.0001) were useful in discriminating F. japonica var. japonica from 63 F. 3bohemica. Hexaploid F. 3bohemica invariably had short hairs on the back of the leaf, whereas F. japonica var. japonica had none.
DISCUSSION
Hybridization pattern and genetic variation-Interspecific hybridization and polyploidization are recognized as a central feature in the evolution of the invasive alien knotweeds Fallopia spp. in their introduced range (Bailey, 2003) . Thanks to their large adventive range, Fallopia spp. provide an outstanding model to explore the diversity of patterns and mechanisms associated with hybridization. Our study adds to the information available for the UK and the Czech Republic. Comparisons among regions across the adventive range of Fallopia will help to establish the role of hybridization and polyploidy in the invasive success of those taxa (Bailey and Wisskirchen, 2006) . In addition, as far as we are aware, our study is the first to assess the extent of the hybridization and differentiation of an invasive alien complex plant by combining morphological and molecular approaches.
We confirm that at least four taxa with different ploidy levels are taking part in the invasion of Belgium by Fallopia spp.: F. aubertii (diploid), F. sachalinensis (tetraploid), F. japonica var. japonica (octoploid), and the hybrid F. 3bohemica (various chromosome numbers, the 63 being the most frequent). The taxonomic status of the individual identified as F. japonica var. compacta was not confirmed based on assignment tests with RAPD data. Our results demonstrate a pattern of interspecific hybridization among the Fallopia taxa in Belgium, which in the case of F. 3bohemica provides increased levels of variation compared with the parental taxa.
The three putative parental taxa whose presence we confirmed in Belgium (F. japonica var. japonica, F. sachalinensis, F. aubertii) all have a low level of genetic diversity. All individuals of F. japonica var. japonica share the same multilocus genotype, indicating a high level of clonality. They nonetheless vary greatly morphologically. These results are consistent with the pattern reported from the UK and the Czech Republic (Hollingsworth et al., 1998; Hollingsworth and Bailey, 2000; Mandák et al., 2005) and demonstrate that the morphological variation observed in this species is caused by plastic responses to local environments or by a somewhat insignificant genetic variation at a small number of loci. This is the first assessment of the genotypic diversity of the introduced F. aubertii. This species has a single multilocus genotype probably resulting from clonal multiplication by horticulturists. Fallopia sachalinensis has high genotypic diversity in its native range (Pashley et al., 2007) but lower genotypic diversity in its adventive range (Pashley et al., 2007) , although the diversity differs among regions. For example, the genotypic diversity of F. sachalinensis is less in the UK than in the Czech Republic. In our study, F. sachalinensis had low genotypic diversity, with two genotypes found in the six plants sampled. One could argue that this low genetic diversity results from the small sample size of F. sachalinensis. Nevertheless, because we sampled all the individuals of F. sachalinensis in the area, our data reflect the current situation of the species in Belgium. Two of the six F. sachalinensis examined were male-fertile and correspond to one of the two genotypes detected. This situation is similar to that in the UK (where F. sachalinensis mainly belongs to two widespread genotypes, one male-fertile and one male-sterile clone [Pashley et al., 2007] ) and points to the role of vegetative propagation in the expansion of F. sachalinensis in Belgium.
In contrast to parental species, hybrids found in Belgium have high levels of genetic diversity and a complex pattern of admixture between different gene pools. Using assignment tests with no prior information on RAPD data, we demonstrated that hybrid genotypes are mainly assigned to a specific genetic pool and not to a mixture between the genetic pools of the putative parents, as would be expected for hybrids. At least two hypotheses may explain this pattern. First, hybrids may be introduced independently of the parental species in their new range. In this case, the initial pool of hybrids may have carried its own genetic diversity. Second, recent studies show that TABLE 2. Mean measurements of 12 morphological characters and ratios of Fallopia aubertii (F. aub.), hexaploid F. 3bohemica (63 F. 3b), F. japonica var. japonica (F. j.j.) and F. sachalinensis (F. s.) sampled in Belgium. The same superscript letter within a row indicates no significant difference between species. For most variables, taxa were compared using a one-way ANOVA followed by the Tukey HSD post hoc test; the data were log10 transformed (hair length, stem diameter, leaf basal width, cord length, apex width) or arcsine transformed (the ratio of cord length to leaf length and the ratio of leaf basal width to leaf length). The Kruskal-Wallis test followed by the nonparametric Mann-Whitney test was used for leaf central width, leaf length, apex length, the ratio of apex width to apex length, and number of hairs.
Character
Mean measurement (SD) polyploid genome evolution appears often to be accompanied by rapid structural changes (Ozkan et al., 2001; Salmon et al., 2005) resulting in the case of dominant markers in parental fragment loss or in new fragment addition (Salmon et al., 2005) . In our analysis, 16% of RAPD phenotype bands in the hybrids were hybrid specific. Hexaploid F. 3bohemica, which was the most widespread hybrid in our study, had a higher level of genotypic diversity (28 genotypes from 30 plants) than that reported along river basins in the UK (Hollingsworth et al., 1998; Hollingsworth and Bailey, 2000) or in the Czech Republic, where 33 of 88 plants represented hexaploid F. 3bohemica, based on isozymes (Mandák et al., 2005) . This difference with the Czech data possibly arises from the use of molecular markers with different levels of polymorphism, RAPDs had more polymorphism than did the isozymes. The differences from the UK situation may stem from differences in the balance between sexual and vegetative reproduction in different sites. Populations along river basins (UK) may be more prone to water dispersal of vegetative fragments following disturbance, while colonization of new sites in ''nonriver'' systems would rely on long-distance dispersal of seeds, which is possible for F. japonica var. japonica (Tiébré et al., 2007) .
The high genotypic diversity in hexaploid F. 3bohemica may stem from different sources: (1) multiple in situ hybridization between parental taxa, (2) consequences of the male fertility of the hybrids (Tiébré et al., 2007) resulting in hybrid sexual reproduction or backcross with the parental species, and (3) multiple introduction by human activities. The relative importance of these different factors is debatable (Hollingsworth and Bailey, 2000; Pashley et al., 2003; Mandák et al., 2005) , and our results give additional insights. Multiple in situ F1 production is not supported by the results of the assignment tests. In addition, multiple in situ F1 production would require the presence of both parents, including malefertile F. sachalinensis. In two of the areas studied (Gembloux and Comblain-au-Pont), we exhaustively surveyed all Fallopia present and in other areas searched intensively for F. sachalinensis. In two of the areas where F. 3bohemica occurs, we did not find any F. sachalinensis, and in the three areas where F. sachalinensis occurs (albeit at low frequency), none were male-fertile. Although we cannot rule out the possibility that male-fertile populations previously occurred in the areas or their surroundings, the pattern of distribution of F. sachalinensis makes it unlikely that multiple in situ hybridization events are the main source of the genotypic variation of hexaploid F. 3bohemica. In addition to the possibility of multiple introductions, restoration of sexual reproduction in the complex, as we demonstrated (Tiébré et al., 2007) , is the most likely explanation for the high genetic diversity. In that study, seeds borne on F. japonica var. japonica had a large range of ploidy levels, probably resulting from crosses with F. aubertii and backcrosses with more or less unreduced gametes from F. 3bohemica.
Such backcrosses might produce hexaploid hybrids, because irregular meiosis in F. 3bohemica can give rise to gametes with a wide range of chromosome numbers. Alternatively, cross fertilization between F1 (or following generations) hybrids may also give rise to 2n ¼ 66 individuals. One argument sustaining the possibility of backcross with parental species or interhybrid fertility is that we found one adult hybrid with an aneuploid chromosome number (44-67) that most probably resulted from a cross with F. japonica var. japonica. Besides, we also found that the tetraploid individual presumably identified as F. japonica var. compacta was probably a hybrid between F. 3bohemica and F. aubertii, confirming that F. aubertii may play a role in the pattern of hybridization in the Fallopia complex. Nevertheless, considering the existing evidence on variation of ploidy level in F. japonica var. japonica seeds (Tiébré et al., 2007) , we should consider that the predominance of hexaploid hybrids in adult populations collected in the same areas is the result of a differential selection for 2n ¼ 66 progeny from cytological variable arrays, as suggested by Mandák et al. (2005) .
The tetraploid F. 3bohemica is formed by crosses between F. japonica var. compacta and F. sachalinensis (Mandák et al., 2003; Bailey and Wisskirchen, 2006) . As expected, the Bayesian-based cluster analysis and the PCO analysis of RAPD data showed that the 43 F. 3bohemica from Cirencester (UK) was genetically closer to F. sachalinensis. Unfortunately, because we did not find tetraploid F. japonica var. compacta in Belgium, we cannot comment further on the origin of the 43 hybrid.
The presence of octoploid F. 3bohemica with different genotypes than F. japonica var. japonica is more puzzling. These individuals have a number of possible origins (Bailey and Wisskirchen, 2006) . The first scenario is the fusion of an unreduced male gamete from hexaploid F. 3bohemica and normal gametes from tetraploid F. sachalinensis (the reverse being unlikely because no male-fertile F. sachalinensis was present in areas). This hypothesis is not supported by the Bayesian-based cluster analysis and the PCO analysis of RAPD data because the fusion would result in an equal contribution of F. japonica var. japonica and F. sachalinensis chromosomes in the hybrid (44 each). In situ autopolyploidy of tetraploid F. 3bohemica (Mandák et al., 2003) is also unlikely because we did not detect this cytotype in the areas studied in Belgium. Because two of these clones are morphologically very close to F. japonica var. japonica, one may ask whether they are actually genetic variants of the widespread F. japonica var. japonica clone. While they differed from F. japonica var. japonica only by the absence of a few specific bands, these two accessions were also assigned for a significant percentage to the genetic cluster typical of F. 3bohemica, attesting to their hybrid origin.
Whatever its source, increased genetic variability may be important for the invasive success of the hybrid F. 3bohemica as suggested by in the Czech Republic. Fallopia 3bohemica has always been considered rare in Belgium, even in the most recent Flora (Nouvelle Flore de la Belgique, du Grand-Duché de Luxembourg, du Nord de la France et des Régions voisines [Ptéridophytes et Spermatophytes], Cinquième édition) and is only described as a hybrid of horticultural origin (Lambinon et al., 2004) . However, our investigations indicate that F. 3bohemica is widespread in Belgium and that its distribution varies between regions. This inconsistency may be due to the inability of authors to distinguish F. japonica var. japonica from F. 3bohemica on morphological grounds. Alternatively, it may represent a recent expansion of F. 3bohemica, not yet recorded in the Belgian floristic database, indicating an increase in the invasive success of the hybrid relative to that of its parents.
There is no clear regionalization of the F. 3bohemica clones based on spatial distribution. This absence of regionalization may be due to a common pool of parental species at the initiation of the hybridization process and to extensive gene flow between fertile hybrids as suggested earlier or to an insufficient time for hybrid populations to differentiate under isolation by distance. A widespread survey of the genetic variability of F. 3bohemica individuals in west continental Europe would help to clarify the full extent of genetic differentiation in this complex.
Morphological characters for distinguishing all taxa of the alien Fallopia complex-In examining the distribution of Fallopia hybrids at the European scale, Bailey and Wisskirchen (2006) point to large areas without known occurrence. They argued that this situation may result from differential evolution among regions or from misidentification by field botanists even though keys to identify hybrids and parental Fallopia taxa are available in a few modern floras and synoptic tables in journals (Fojcik and Tokarska-Guzik, 2000; Kim and Park, 2000; Zika and Jacobson, 2003) . This situation points to the importance of reliable characters for distinguishing the different taxa in the invasive Fallopia complex.
In this study, we used the morphological characters most often used in the literature to identify Fallopia species (Barral, 1994; Beerling et al., 1994; Jager, 1994; Lambinon et al., 2004) . To buffer plasticity due to variation in environment, we used the mean measurements of three basal leaves and three stems per individual. The statistical analyses indicated several characters that could be used to distinguish between the Fallopia taxa and their hybrids. The most reliable characters are the leaf basal width, leaf central width, and the leaf length. Fallopia sachalinensis is most distinguished by its larger ovate leaf, its cordate base, and its dense long hairs. Fallopia aubertii is clearly different from the other taxa because of its smaller leaves (mean leaf length no more than 5 cm) and its climbing habit. Hexaploid F. 3bohemica are morphologically very close to F. japonica var. japonica. However, the presence of hairs and a somewhat cordate leaf in F. 3bohemica is sufficient to discriminate them from F. japonica var. japonica. Our results agree with studies of the morphological and chromosomal variation in the alien Fallopia species in Korea, Poland, and North America (Fojcik and Tokarska-Guzik, 2000; Kim and Park, 2000; Zika and Jacobson, 2003) . That the octoploid F. 3bohemica could not be distinguished from F. japonica var. japonica on morphological grounds points to the value of molecular data in assessing hybridization in species complexes.
Conclusions-Clonal growth is claimed to be the major mode of reproduction of Fallopia species in their introduced range (Beerling et al., 1994; Child and Wade, 2000; Weber, 2003) . Accordingly, Fallopia taxa should be characterized by a low genotypic diversity. The high level of genotypic diversity observed in the present study in the hybrid F. 3bohemica as compared to the parental species confirms the occurrence of interspecific hybridization among the Fallopia taxa in Belgium and the restoration of sexual reproduction by hybridization in the invasive alien Fallopia complex. This high genotypic diversity may increase the potential of the taxa to adapt and differentiate into new environments and contribute to the dramatic invasive success of knotweeds in their adventive range. A complete study of the hybridization status in Europe is essential and should combine morphological and molecular approaches. In our study of the situation in Belgium, we have defined valuable identification criteria that can be used to study the extent of hybridization in Europe. Our results point to the importance of hybridization and polyploidization in increasing the genetic diversity and potential invasion success of alien taxa.
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